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ABSTRACT Giant viruses are complex members of the virosphere, exhibiting out-
standing structural and genomic features. Among these viruses, the pandoraviruses
are some of the most intriguing members, exhibiting giant particles and genomes
presenting at up to 2.5 Mb, with many genes having no known function. In this
work, we analyzed, by virological and microscopic methods, the replication cycle
steps of three new pandoravirus isolates from samples collected in different regions
of Brazil. Our data indicate that all analyzed pandoravirus isolates can deeply modify
the Acanthamoeba cytoplasmic environment, recruiting mitochondria and mem-
branes into and around the electron-lucent viral factories. We also observed that the
viral factories start forming before the complete degradation of the cellular nucleus.
Various patterns of pandoravirus particle morphogenesis were observed, and the as-
sembly of the particles seemed to be started either by the apex or by the opposite
side. On the basis of the counting of viral particles during the infection time course,
we observed that pandoravirus particles could undergo exocytosis after their mor-
phogenesis in a process that involved intense recruitment of membranes that
wrapped the just-formed particles. The treatment of infected cells with brefeldin af-
fected particle exocytosis in two of the three analyzed strains, indicating biological
variability among isolates. Despite such particle exocytosis, the lysis of host cells also
contributed to viral release. This work reinforces knowledge of and reveals important
steps in the replication cycle of pandoraviruses.

IMPORTANCE The emerging Pandoraviridae family is composed of some of the
most complex viruses known to date. Only a few pandoravirus isolates have been
described until now, and many aspects of their life cycle remain to be elucidated. A
comprehensive description of the replication cycle is pivotal to a better understand-
ing of the biology of the virus. For this report, we describe new pandoraviruses and
used different methods to better characterize the steps of the replication cycle of
this new group of viruses. Our results provide new information about the diversity
and biology of these giant viruses.

KEYWORDS pandoravirus, giant virus, replication cycle, viral morphogenesis, viral
release, virus diversity

Giant viruses are a group of complex viruses commonly referred to as nucleocyto-
plasmic large DNA viruses (NCLDV); the members of the group exhibit diverse

characteristics that have been astonishing the scientific community over the last few
years. Different groups of viruses described to date are able to replicate in amoeba cells,
expanding considerably our knowledge about their diversity, structure, genomics, and
evolution (1–5).

Five years ago, two complex giant viruses infecting Acanthamoeba castellanii cells
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were described, constituting a new group of viruses called pandoraviruses. One of the
isolated viruses, which originated from a marine sediment layer of the Tunquen River
in Chile, was named Pandoravirus salinus, and the other one, isolated from the mud of
a freshwater pond in Australia, was named P. dulcis. Pandoraviruses have morphological
and genetic characteristics that have never been described before, such as an oval-
shaped particle with an ostiole-like apex, measuring �1.0 �m in length and �0.5 �m
in diameter, representing some of the largest viruses known to date (6). These viruses
are also marked by the presence of a double-stranded DNA genome of up to 2.5 Mb (P.
salinus), currently the largest genome in the virosphere (6).

In 2008, amoebas of the Acanthamoeba genus harboring an unknown endocytobi-
ont were isolated from the contact lens and inflamed eye of a patient with keratitis in
Germany (7). Years after this discovery, analysis of this endosymbiont genome revealed
the viral nature of this organism, which was classified as a pandoravirus (8). This was the
third pandoravirus described, and it was named P. inopinatum (9, 10). In 2015 to 2016,
new pandoraviruses were described using a culture of A. castellanii cells belonging to
sewage and soda lake water samples. These viruses were named P. massiliensis, P.
pampulha, and P. brasiliensis (11–13). Another recent prospective study reported the
isolation of Pandoravirus quercus, isolated from samples of soil collected in Marseille
(France); P. neocaledonia, isolated from the brackish water around a mangrove near
Noumea Airport (New Caledonia), and P. macleodensis, isolated from a freshwater pond
near Melbourne (Australia) (14). Pandoraviruses represent a genome exceeding those of
some eukaryotic microorganisms, with a huge proportion of open reading frame (ORF)
genes without homologs (ORFans) in any database. The ORFans correspond to about
70% of the predicted genes of pandoraviruses (6).

Despite the plethora of novel characteristics revealed by analyses of the genomes
and evolution of the pandoraviruses, their replication cycle still needs further study to
be better understood. In the present report, we present an in-depth investigation of the
replication cycle steps of three new isolates of pandoraviruses. We observed that the
pandoraviruses are able to deeply modify the acanthamoeba cytoplasmic environment,
recruiting mitochondria and membranes into and around the electron-lucent viral
factories (VFs). The viral factory formation and viral particle morphogenesis were
analyzed in an in-depth manner by electron microscopy (EM), with results reinforcing
previously published data and revealing new features about pandoraviruses’ replication
cycles. We also demonstrated by microscopy and pharmacological inhibition of mem-
brane traffic that viral particles were released from infected cells both by exocytosis and
by cell lysis. This work contributes to the understanding of important steps in the
replication cycle of pandoraviruses.

RESULTS
New members of the emerging family Pandoraviridae. Isolation of a new pan-

doravirus isolate, namely, P. kadiweu, was performed by culturing amoebas of the A.
castellanii species with water samples collected in the city of Bonito, Mato Grosso do
Sul, Brazil (Fig. 1A, D, and H). A prospective study conducted between 2015 and 2017
using culture of A. castellanii species with sewage samples from different environmental
and clinical samples reported the collection of two pandoravirus isolates that were
identified by real-time PCR and electron microscopy (12). The pandoravirus isolates
were obtained from samples of Mergulhão Creek and Bom Jesus Creek, in the region
of Pampulha Lake, Belo Horizonte, Brazil (Fig. 1A to C), and were named Pandoravirus
pampulha (12) (Fig. 1F) and P. tropicalis, respectively (Fig. 1E and G). The P. kadiweu
isolate and the two isolates described by Andrade et al. in 2018 (12) are new members
of the emerging family Pandoraviridae.

The isolates were observed both by optical microscopy (data not shown) and by
electron microscopy, and the images indicated no evident morphological differences
among the three isolates (Fig. 1E to H). The isolates were �1.0 �m in length and had
an ostiole-like apex at one end of the particle as previously described for other
pandoraviruses (6, 12–15). In order to evaluate whether our isolates were similar, we
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sequenced a fragment of the DNA polymerase subunit B gene. The analysis of predicted
amino acid sequences revealed that all of the isolates were different from each other.
In addition, we observed that P. tropicalis and P. kadiweu present unique amino acid
substitutions (Fig. 1I). The sequence of P. pampulha was more similar to that of P.
quercus (Fig. 1I). These results reveal the diversity among our isolates and other
pandoravirus isolates, and future genomic studies will determine whether P. tropicalis
and P. kadiweu represent new clades among pandoraviruses (Fig. 1J). To date, there
have been no rules or parameters available to establish a new clade belonging to the
hypothetical family Pandoraviridae. The electron microscopy images obtained for these
isolates were used to assemble a collection of more than 200 images. This data set
allowed us to perform a comprehensive analysis of the replication cycle of these
viruses.

Pandoraviruses are phagocytosed and replicate in large and electro-lucent
viral factories. As demonstrated by work published by Legendre et al. in 2018 (14), the
first steps involving the replication cycle of pandoraviruses seem to be similar for all
these viruses, independently of the virus isolate analyzed. We observed that the
amphora-shaped viral particles enter into acanthamoeba cells, likely by phagocytosis,
which occurred within 30 min of infection (Fig. 2A and B). The particles were then
transported to the interior of the amoebal cytoplasm, being carried inside phagosomes
(Fig. 2C to E). This structure then seems to become fused with lysosome-like organelles,
which, upon releasing their content inside the phagosome, stimulate the uncoating of
the pandoravirus particles (Fig. 2C to F).

The viral factories (VFs) of the three analyzed isolates were wide, and electron-lucent
areas occupied approximately 1/3 of the amoeba cytoplasm, containing viral particles
in different stages of morphogenesis (Fig. 3). The VFs of the pandoraviruses seem to
have been homogeneous and were not clearly limited by any cell component. Inter-
estingly, we observed recruitment of mitochondria to regions inside and around the
VFs (Fig. 3) and membranes were also recruited to regions inside the VFs (Fig. 4). In

FIG 1 Sites of collection and electron microscopy and phylogenetic analysis of the pandoravirus isolated in this work. (A) Map of Brazil showing where the
samples were collected for the isolation of pandoraviruses. (B to D) Representative pictures from the areas of collection: Bom Jesus Creek (B), Mergulhão Creek
(C), and the city of Bonito (D). (E) P. tropicalis particles were analyzed using scanning electron microscopy at 24 h.p.i. and an MOI of 0.01. (F, G, and H)
Transmission electron microscopy (24 h.p.i./MOI 0.01) for the viral particles corresponding to the isolates of P. pampulha, P. tropicalis, and P. kadiweu,
respectively. (I) Alignment of the sequences, showing that P. kadiweu and P. tropicalis represent strains of pandoraviruses with many exclusive polymorphisms
(highlighted in yellow), compared to the sequences of other isolated pandoraviruses. (J) Maximum likelihood tree constructed using predicted sequence of 251
amino acids of a DNA polymerase B subunit in different isolates of pandoraviruses. The giant viruses isolated in this work are highlighted in red.
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addition, it is possible to observe an intense accumulation of structures that resemble
lysosomal vesicles near the VFs (Fig. 3, orange arrows).

We also analyzed the appearance of the nuclear and nucleolar structures during the
time course of infection of the three pandoravirus isolates (Fig. 5). The nuclear and
nucleolar structures, appearing in the typical manner, were promptly observed both by
transmission electron microscopy (TEM) and by Hemacolor staining in uninfected

FIG 2 Initial steps of the pandoravirus replication cycle inside the amoebal host. (A and B) Scanning
electron microscopy (A) and transmission electron microscopy (B) images show pandoravirus particles
entering Acanthamoeba castellanii cells, likely as a consequence of phagocytosis. (C) The amoebas
project pseudopods involving the viral particles and internalize them into vesicle-like structures known
as phagosomes. (D and E) The phagosome then fuses with another component resembling a lysosome-
like structure that, upon releasing their combined content, stimulates the uncoating of the pandoravirus
particles (F). Although we used representative images in this figure, all the described steps were
observed for all three isolated pandoraviruses. L, lysosome-like organelles; panels A and B, Pandoravirus
tropicalis; panels C to F, Pandoravirus kadiweu.

FIG 3 Characterization of pandoravirus viral factories. Viral factories of (A) Pandoravirus tropicalis, (B) P. pampulha, and (C) P. kadiweu were observed by
transmission electron microscopy. The region of the viral factories is highlighted in red, the mitochondria present in the interior of the viral factories are
highlighted in green, and the lysosomes are pointed out by orange arrowheads.
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acanthamoeba cells (Fig. 5A). As expected, the same was observed during viral entry
(Fig. 5B). However, the nucleolar structure was no longer visible when the pandoravi-
ruses’ early VFs appeared, although we were still able to visualize the amoeba nucleus
with its membrane (Fig. 5C). At late infection, the nuclear structure was no longer

FIG 4 Membranes recruited inside pandoravirus viral factories. (A) Transmission electron microscopy of P. tropicalis viral factories. (B) Transmission electron
microscopy of P. pampulha viral factories. (C) Transmission electron microscopy of P. kadiweu viral factories. The membranes recruited inside the viral factories
are highlighted in blue.

FIG 5 The Acanthamoeba castellanii cell nucleus becomes disorganized and loses its natural shape during the course of
pandoravirus infection. (A) Transmission electron microscopy image showing a noninfected Acanthamoeba castellanii cell and how
its nucleus is normally organized in this situation; it occupies about 2/3 of the cellular area, and it is delimited by a double-
membrane layer known as the nuclear envelope (digitally highlighted in orange). The image at lower left represents the same
conditions but visualized on a light microscope with Hemacolor staining. The nucleolus is observed as a dark spot surrounded by
a bright area that represents the nucleus. (B) Image representing the amoeba observed just after the first steps of the pandoravirus
replication cycle, as the virus (red arrow) is still harboring inside the amoebal phagosome. The nucleus does not yet seem to have
suffered any modification at this stage. (C) At between h 3 and h 6 of infection, it seems that the nucleolus starts to be absent,
as shown by one of the several images of transmission electron microscopy analyzed in this work. At lower left, the Hemacolor
staining also shows the beginning of the appearance of the early viral factory. (D) The later steps of viral replication lead to the
formation of the mature viral factory, marked by a bright area, easily recognizable in the images with Hemacolor staining. N,
nucleus; Nc, nucleolus; eVF, early viral factory; mVF, mature viral factory.
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visible also, and the VFs occupied a substantial region in the cytoplasm (Fig. 5D). This
process was observed during the replication cycle of the three isolates.

Morphogenesis dynamics of pandoravirus particles. After analysis of dozens of
TEM images of asynchronous cycles of the isolated pandoraviruses, we noticed that the
capsids of the pandoraviruses appeared to be formed from electron-dense semicircular
structures observed in the middle of the VF (Fig. 6A). These structures appeared to
become thicker and more electron dense as the cycle continued and to function as
crescent-shaped precursors (Fig. 6B and C). The crescent-shaped precursors underwent
a thickening of the apparent layer, followed by filling of the internal contents of the
particles. As the adjacent portions of the capsids formed, the internal content of the
particle continued to be filled simultaneously (Fig. 6D to I). As the particle enlarged,
the capsid became more electron dense until closure of the total capsid, which at that
stage was already filled with the particle’s internal contents (Fig. 6I). After careful
analysis of several images of our three isolates, we observed that particle morphogen-
esis/assembly could apparently start either at the ostiole-like apex or at the opposite
end (Fig. 6D to I).

Pandoravirus particles are released by exocytosis and cell lysis. By studying the
infection cycles of the new pandoravirus isolates, we made a curious observation.
Analyses that have been done under a light microscope revealed that at early times of
infection (until 6 h postinfection [h.p.i.]), these viruses could already be detected in the
supernatant of infected cells, even at time points when the host cells had not yet
undergone lysis. We then hypothesized that the pandoravirus particles could have
started their release from the host by exocytosis, as suggested for some pandoravirus
isolates (14). The analyses of TEM images of the new isolates revealed intense mem-

FIG 6 Morphogenesis of pandoravirus particles. Transmission electron microscopy images show stages
of pandoravirus particle formation. (A to C) Crescent-like structures with different sizes, inside the viral
factory, growing in thickness and complexity. (D to F) Particles being formed from the ostiolo-like apex.
(G to I) Particles being formed from the end opposite the ostiolo-like apex. We used representative
images of P. tropicalis, P. pampulha, and P. kadiweu in this panel; all the described steps were observed
for the three isolates.
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brane traffic close to just-formed particles, in the periphery of the VF (Fig. 7A).
Interestingly, many particles were then wrapped inside such membranes, forming
exosomes containing various amounts of viral particles of different sizes (Fig. 7). These
exosome-containing particles then seemed to migrate to the periphery of the infected
cell, fusing with the host cell cytoplasmic membrane and releasing the particles to the
extracellular environment (Fig. 8).

To experimentally confirm that pandoraviruses can be released by exocytosis, we
counted the acanthamoeba cells and the number of pandoraviruses particles in the
supernatant through the viral cycle (multiplicity of infection [MOI] of 10). With this set
of data, we analyzed whether the increase in the number of viral particles in the
supernatant through the viral cycle could be observed before cell lysis was induced by
viral infection, which would indicate that these viruses were being released by exocy-
tosis at early times of infection. We observed that P. tropicalis caused the lysis of
infected amoebas at 12 h.p.i., while no significant decrease in cell numbers was
observed for cells infected with P. pampulha and P. kadiweu until 24 h.p.i. This indicates
differences in the time postinfection at which each pandoravirus can induce host lysis
(Fig. 9A to C). Cell lysis induced by P. pampulha and P. kadiweu was observed at 48 h.p.i.

FIG 7 Transmission electron microscopy images showing pandoravirus particles being packaged into exosomes. (A) The
late steps in pandoravirus replication are marked by intense membrane trafficking in the cytoplasm of the amoebal host
(highlighted in red). This event is easily observed around the viral factory where the viral morphogenesis occurs. (B to D)
Then, at around h 6 to h 9 postinfection, these double-membrane layers start to surround isolated or grouped viral
particles, suggesting the beginning of exocytosis.
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(data not shown). Interestingly, we observed an increase in the level of viral particles
released in the supernatant from 6 h.p.i. for the three pandoravirus isolates, indicating
that exocytosis might indeed contribute to particle release (Fig. 9D to F).

Aiming to evaluate the impact of membrane traffic inhibition in pandoravirus
exocytosis, we pretreated infected amoebas with brefeldin A (BFA) (a membrane-
trafficking inhibitor). Viral particles were counted at 12 h.p.i. for P. pampulha and P.
kadiweu and at 6 h.p.i. for P. tropicalis. These time points were selected for each
pandoravirus isolate based on the experiments last described above (Fig. 9A to F),
whose results indicated the moment when the particles were undergoing exocytosis
and the cells were not undergoing lysis. It was observed that acanthamoeba cultures
treated with brefeldin A showed a reduction in the number of particles released for P.
pampulha and P. kadiweu viruses (Fig. 9G and H). Curiously, the same was not observed
for P. tropicalis (Fig. 9I). Future studies are needed to clarify why P. tropicalis can cause
lysis of cells earlier than P. kadiweu and P. pampulha and why its exocytosis does not
seem to be affected by brefeldin A treatment.

DISCUSSION

Giant virus prospective studies have revealed an outstanding universe of viral
diversity (3, 4, 6, 16–20). Metagenomic studies have indicated the presence of a giant
virus gene set in all continents (21–25). Some representatives, such as the mimivirus,
appear to be more abundant and ubiquitous, containing hundreds of isolates already
reported (21–26). Pandoravirus-like sequences were also detected in metagenomic data
from environmental samples (22, 27, 28) as well as from insects, simian bushmeat, and
human plasma (23–25, 27). Despite this, the amount of pandoravirus isolates is still
limited (4, 6, 8, 11–13). Therefore, the isolation of new pandoraviruses contributes to
the understanding of their biology, diversity, and distribution. The analyses of the
isolates obtained in this work add important information characterizing the steps in the
pandoravirus replication cycle.

It was hypothesized that pandoraviruses enter amoebas by phagocytosis (14). Our
data for P. tropicalis, P. pampulha, and P. kadiweu reinforce this previous observation, as
particles can be seen inside large vesicles in the amoebal cytoplasm within 30 min
postinfection (Fig. 2C to E). Korn and Weisman demonstrated in 1967 that only particles
larger than 500 nm can trigger phagocytosis in Acanthamoeba, a condition so far
fulfilled by pandoravirus particles (29). Our images clearly demonstrate the induction of
pseudopod formation when amoebas were kept in contact with pandoravirus particles
(Fig. 2A and B). Despite this evidence, the possibility of pandoravirus particles entering
amoebas by macropinocytosis could not be overruled, since this pathway also forms
endosomes larger than 1 �m (30). However, the involvement of macropinocytosis in
virion entry is a rare phenomenon in the literature (30). After entry of amoebas and
release of the inner virion content (Fig. 2F), a short eclipse phase and an increase in

FIG 8 Transmission electron microscopy images demonstrating sequential steps of pandoravirus particle exocytosis. The images demonstrate that in late stages
of infection the particles of pandoravirus start being packaged inside vesicles (A and B), becoming closer to the cytoplasmic membrane of the host cell and
being released to the external milieu (C).
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growing pandoravirus VFs occur (Fig. 3 and 5). As for the distribution of cellular
organelles, the presence of many mitochondria inside and near the VF was seen (Fig.
3), along with the polarization of structures that resemble lysosomal vesicles in the
vicinity of the VF (Fig. 3), as previously reported for the cedratvirus (31). The presence
of mitochondria in this region could be related to the process of energy acquisition
during viral replication optimization (32). Lysosome polarization, corresponding to the
presence of vacuole-like structures occupying large portions of the host cell, might be
related to a cellular response to infection, such as autophagy, as suggested previously
in cedratvirus (31, 32). In addition, we observed gradual nucleolar and nuclear degra-
dation throughout the pandoravirus replication cycle (Fig. 4), as observed for other
pandoraviruses (6).

The onset of particle morphogenesis seems to occur from electron-dense semicir-

FIG 9 Analysis of the time course of infection for the pandoravirus isolates in Acanthamoeba castellanii cultures. The course of infection of P. tropicalis, P.
pampulha, and P. kadiweu was established. (A to C) First, we observed the kinetics for the diminishing of the number of amoebas during the replication cycles
of P. pampulha (A), P. kadiweu (B), and P. tropicalis (C) analyzed by cell counting. (D to F) Then, the number of viral particles present in the supernatant of these
infected cells was also observed for P. pampulha (D), P. kadiweu (E), and P. tropicalis (F), at different time points. After setting a time point at which we observed
an increase of more than 1 log of virus particles in the supernatant but without observing cellular lysis, the amoebal cultures were treated with an inhibitor
of membrane trafficking (brefeldin A). (G to I) The cells were then infected with P. pampulha (G), P. kadiweu (H), and P. tropicalis (I) to check the influence of
brefeldin A in the viral release. The number of exocyted viral particles in supernatant was counted. DMSO, dimethyl sulfoxide.
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cular structures, such as the crescents observed in the assembly of other viruses of the
NCLDV group, including vaccinia virus, mimivirus, marseillevirus, African swine fever
virus, and cedratvirus (31, 33–36). The other morphogenesis steps of these viruses
resemble those described for pandoraviruses, molliviruses, pithovirus, and other pan-
doraviruses, with the outer portion and the interior of the particles being assembled or
“knitted” simultaneously (4, 6, 37). However, in addition to what was previously
suggested, we observed that the viral particles seem to be assembled from both ends
and not just from the ostiole-like apex (Fig. 6D to I) (4). We believe that studies about
pandoraviruses assembly dynamics need more attention, since analyses limited to a
few TEM sections could lead to misinterpretations. The similarities observed with
respect to VF organization and the morphogenesis of pandoravirus and other viruses of
the NCLDV group reinforce the previously suggested idea that these viruses could share
an ancestor (38–41).

In a recent study, different strains of pandoravirus were seen to be initially released
during the viral replication cycle by exocytosis processes (14). Pandoravirus quercus, P.
neocaledonia, and P. macleodensis complete their entire replication cycle by between 8
to 12 h, starting the viral particles’ exocytosis in about 8 h.p.i. and finishing their
replicative cycle with lysis of the amoebal host cells, releasing hundreds of virions in the
supernatant. Although the particles of the pandoravirus isolates analyzed here were
seen to produce and were exocytosed from the cell as fast as those described by
Legendre et al. (14) (in about 6 to 12 h.p.i.), the lysis of cells was observed at the late
times of infection (12 to 48 h) (Fig. 9A to F). These results not only reinforce the
hypothesis that pandoraviruses can explore different pathways for the progeny release
but also demonstrate biological differences among viral isolates.

Many aspects of the replication cycle of these viruses still need to be clarified. This
work provides new data and reveals new questions that future studies, especially at the
molecular level, could answer. Prospective studies may also contribute in this regard by
revealing novel members within the NCLDV group and improving understanding of the
diversity, evolution, and biology of these complex viruses.

MATERIALS AND METHODS
Viral isolation, stock production, and titration. Three different pandoravirus isolates were used in

this work. Two were coisolated with mimivirus from sewage samples collected in streams in the
Pampulha region, Belo Horizonte, Brazil, in previous work and named P. pampulha and P. tropicalis (12).
The other pandoravirus was isolated in the present work from water samples collected in Bonito, Mato
Grosso do Sul, Brazil, and named P. kadiweu. For viral isolation, we used A. castellanii (ATCC 30234) as
previously described (12). In order to produce the viral stocks, A. castellanii cells were grown in cell
culture flasks and infected with 500 �l of isolates. After observation of typical cytopathic effect (cell
rounding and lysis), the flask content was collected and the viruses were titrated. The titer was obtained
by the endpoint method (42) and expressed as the number of 50% tissue culture infective doses (TCID50)
per milliliter. Viral stocks were kept at �70°C until use in further experiments.

Sequencing, alignment, and phylogeny. A fragment of the DNA polymerase B subunit gene (from
position 473404 to position 474507—reference Pandoravirus quercus) was amplified (5=GCCCTCAAGCG
GGGCCGCATG3= and 5=CATCCACTGGGTGATCGGCGCCT3=) and sequenced, in both orientations and in
duplicate, using an automated capillary sequencer (MegaBACE sequencer; GE Healthcare, Buckingham-
shire, United Kingdom). For the phylogenetic tree, the resulting predicted amino acid (aa) sequences (251
aa) were aligned with previously published sequences obtained from GenBank using ClustalW in MEGA
7.0 software. This gene is highly conserved among pandoravirus strains and has been used in other
studies (6, 12). The tree was constructed using the maximum likelihood method and a bootstrap value
of 1,000.

Amoebal and viral particle counting. Initial electron microscopy analyses raised the hypothesis that
pandoravirus could be released by exocytosis. In that way, two experiments were coupled and performed
in duplicate that involved (i) the counting of intact amoebas throughout the viral replication cycle and
(ii) the counting of pandoravirus particles that were being released in the supernatant at the same time
points of infection. A. castellanii cells were infected in 25-cm2 culture flasks (Kasvi, Brazil) with P. tropicalis,
P. pampulha, and P. kadiweu isolates using an MOI of 10, and analyses were carried out at the infection
times of 0 h, 3 h, 6 h, 9 h, 12 h, and 24 h. The time point of 0 h corresponds to an adsorption step of 30
min after infection, when the monolayer of cells was washed with 1� phosphate-buffered saline (PBS)
and the flasks were filled with 4 ml of peptone-yeast extract-glucose (PYG) medium. After each time point
was reached, we separated 12 �l of the supernatant to count the number of pandoravirus particles
released during infection. The particles were observed under light microscopy (OlympusBX41, Japan), at
�1,000 magnification, using a cell counting chamber (Kcell Olen Kasvi, Brazil). In parallel, 12 �l of whole
content presented in the flasks (including cells) was used to count the number of intact amoeba cells

Pereira Andrade et al. Journal of Virology

March 2019 Volume 93 Issue 5 e01942-18 jvi.asm.org 10

https://jvi.asm.org


observed at the different time points of the viral replication cycle. The same procedure was used to count
the eukaryotic cells but at a magnification of �400.

Brefeldin assays. The impact of brefeldin A (BFA) treatment on the pandoravirus replication cycle
was verified. For this, 106 A. castellanii cells implanted in 25-cm2 culture flasks were infected with the
pandoravirus isolates at an MOI of 10 and treated with 10 �g/ml of BFA. We analyzed two different
infection periods, 6 h.p.i. for P. tropicalis and 12 h.p.i. for P. pampulha and P. kadiweu. These periods
correspond to the replication cycle stages before cell lysis for each virus occurs. The assays were
performed in duplicate. Pandoravirus particles were counted using light microscopy as described above.

Hemacolor staining. A. castellanii cells were infected with isolates at an MOI of 10 and collected at
0 h.p.i., 3 h.p.i., 6 h.p.i., 9 h.p.i., 12 h.p.i., and 24 h.p.i. Then, 10 �l of the collected suspension was spread
on a histological slide and were fixed with methanol. The VFs and viral particles were observed after
Hemacolor staining (Renylab, Brazil), according to the manufacturer’s recommendations. Slides were
then analyzed under an optical microscope (OlympusBX41, Japan) at �1,000 magnification.

Transmission electron microscopy. A. castellanii cells were infected at an MOI of 0.01 as described
in the previous section and fixed at various times postinfection with 2.5% glutaraldehyde in a 0.1 M
sodium phosphate buffer for 1 h at room temperature. The amoebas were postfixed with 2% osmium
tetroxide and embedded in Epon resin. Ultrathin sections were then analyzed using transmission
electron microscopy (TEM; Spirit Biotwin FEI-120 kV) at the Center of Microscopy of Universidade Federal
de Minas Gerais (UFMG).

Scanning electron microscopy. A. castellanii cells infected at an MOI of 0.01 were added to round
glass coverslips covered with poly-L-lysine and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer
for at least 1 h at room temperature. The samples were then washed three times with 0.1 M cacodylate
buffer and postfixed with 1.0% osmium tetroxide for 1 h at room temperature. After the second fixation,
the samples were washed three times with 0.1 M cacodylate buffer and immersed in 0.1% tannic acid for
20 min. The samples were then washed in cacodylate buffer and dehydrated by serial passages in ethanol
solutions at concentrations ranging from 35% to 100%. Samples were then subjected to critical point
drying using CO2, placed in stubs, and metalized with a 5-nm-particle-size gold layer. The analyses were
completed using scanning electron microscopy (FEG Quanta 200 FEI) at the Center of Microscopy of
UFMG.

Accession number(s). Sequences are available in GenBank under accession numbers MK131392 (P.
kadiweu), MK131393 (P. pampulha), and MK131394 (P. tropicalis).
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